ABSTRACT: When unimolecular particles of molecular weight M are formed by intramolecular cross-linking of individual polymer chains, a significant reduction in hydrodynamic radius and, hence, apparent molecular weight (M app ) is found by size exclusion chromatography (SEC) with traditional calibration. A concomitant reduction in polydispersity index (PDI) is often observed.
 being a parameter related to the fractal degree of the soft nanoparticle and L
Introduction
The design of functional soft nanoparticles is of current interest for several emerging fields due to the exceptional and sometimes unique properties displayed by such nanoobjects.
1
Among others, the irreversible intramolecular collapse of individual polymer chains to unimolecular nanoparticles in the sub-20 nm size range has become an efficient route for the synthesis of functional soft nano-objects. 2 Interestingly, the intramolecular collapsing process of synthetic polymers resembles to some extent the cooperative folding process found in natural proteins. Potential applications for singlechain nanoparticles cover from processing additives 3 to artificial enzymes 4 , photostable bio-imaging agents 5 and drug/siRNA-delivery systems 6 , among others.
In general, the evolution of the size reduction at different stages of intramolecular cross-linking of individual chains to single-chain nanoparticles has been followed mainly by size exclusion chromatography (SEC), and viscosimetry. 15, 17, 22 The morphology of the resulting nanoparticles due to the chain collapse process has been investigated by field emission scanning electron microscopy (FE-SEM), 7, 8 atomic force microscopy (AFM) 1d, [9] [10] [11] 16, [18] [19] [20] 22 and transmission electron microscopy (TEM) 4a,12,13,15,16,21,23 whereas the crosslinking degree has been determined qualitatively by Fourier transform infra-red spectroscopy 1d, 13, 15, 17 and quantitatively by nuclear magnetic resonance spectroscopy.
1d, 2, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Thermal properties of the resulting nanoparticles have been determined mostly by differential scanning calorimetry 7, 11, 20, 23 and thermogravimetric analysis. 1d Additionally, in some special cases, the intramolecular reaction process has been monitored by ultraviolet-visible 10, 19, 21 and photoluminescence 1d,18 spectroscopies.
Nanoparticle absolute molar mass has been traditionally monitored by static light scattering following conventional Zimm procedures. 2, 16, 24 From an experimental point of view, it is a highly-demanding task to prepare This work tries to clarify the relationship between the "apparent" SEC molecular weight decrease and the simultaneous polydispersity narrowing observed upon collapse of polydisperse chains to unimolecular nanoparticles. Hence, a power-law expression for the apparent molecular weight reduction depending on the starting precursor molecular weight and the resulting nanoparticle structure is derived by assuming that fractal, soft nano-objects are formed upon intramolecular collapse. 
where F q is a constant, and 
Conceptually, the nanoparticle is hence "replaced" by an equivalent (nonfunctionalized) linear polymer chain of identical hydrodynamic radius and molecular weight M app . By combining equations 1 and 2 we obtain:
where c is a constant given by
and the power-law exponent is:
According to the above analysis, we have estimated a lower value of  ≈ 0.56 for compact, uniform particles ( and alkyne-azide "click" chemistry. 13 Unfortunately, data about absolute molar mass by LS for most of these PMMA-nanoparticles are not available in the literature. have not been included in Fig. 2 because eq. 3 has been derived based on the assumption of irreversible intramolecular cross-linking formation and absence of inter-particle directional interactions. The effect of supramolecular cross-links and strong specific interactions on nanoparticle apparent molecular weight and polydispersity is certainly outside of the scope of the present paper as it will require a different theoretical approach involving dynamic equilibria. A data-fitting procedure similar to that performed in Fig. 1 gives  = 0.88 which is very close to the value obtained for PS-nanoparticles, although a larger data scatter is visible in Fig. 2 . For PMMA-nanoparticles, the corresponding fractal parameter is estimated to be F  = 0.52 by using L  =0.731 for PMMA in THF. 31 Interestingly, the value of the fractal parameter for PMMA-nanoparticles is also found to be similar to that of linear chains under -solvent conditions. Da for all the above systems. Given the assumptions involved, the agreement between experimental and calculated data is reasonably good, especially for polymer nanoparticles synthesized from linear precursor polymers with high content of cross-linking units (>15 mol%). 
Polydispersity narrowing upon unimolecular nanoparticle formation
As a direct consequence of the validity of equation 3 for quantifying the apparent molecular weight decrease upon intramolecular chain collapse, a reduction in the apparent polydispersity index (PDI) is expected, as we will show below. For the sake of simplicity, let us assume that the molecular weight distribution (MWD) function of the linear polymeric precursor follows a log-normal function such as:
where  1 and  1 are the parameters that control the MWD according to:
Upon intramolecular collapse of the linear precursor, a shift in the MWD is expected from W(M) to W(M app ) according to the above
3). Hence, eq. 5 becomes: Consequently:
Since  <1, the apparent SEC polydispersity is expected to decrease upon unimolecular nanoparticle formation. Note that according to eq. 10 the apparent polydispersity index of the nanoparticles depends only on the scaling-law exponent  and not on the prefactor c. At this point it is worth commenting two contributions to polydispersity which are not explicitly accounted for in the former scheme. These originate from the inherent heterogeneous nature of the intramolecular cross-linking process and the potential presence of residual, minor amounts of intermolecular byproducts in some systems.
Hence, intramolecular cross-linking is a statistical process taking place inside each polymer chain in which formation of a given bond has a strong influence on the reactivity of its neighbors. Due to conformational fluctuations during chain collapse at constant temperature, certain differences in reactivity along the chain are expected even for chains having exactly the same length. Furthermore, the cross-linking process introduces severe topological constraints in orientation and distance between crosslinking groups along the chain that reduce subsequent intramolecular reactivity. This inhibition of the cross-linking process is more apparent at the late stages of the intramolecular chain collapse where often due to rigidity effects there is a fraction of cross-linking groups that are never able to find a partner. 34 
Consequently, topological
"freezing" is expected to contribute to a relative increase in PDI when compared to theoretical predictions. The reason for this increase is that different nanoparticles will show different fractions of unreacted cross-linkers. Having noted this, it must be stressed that even for the ideal case in which all cross-linking groups have reacted and formed a permanent bond, the resulting nanoparticles will exhibit different topologies as a consequence of the stochastic character of the cross-linking process. Unlike for the precursor polymer this feature will lead, for a fixed molecular weight, to an intrinsic polydispersity in the size (and hence in the apparent mass) of the unimolecular nanoparticles. Preliminar results from molecular dynamics simulations, to be presented elsewhere, seem to confirm this feature. weight tails arising from minor quantities of byproducts generated by intermolecular secondary reactions. 2 In particular the strong scattering of the experimental data observed in Fig. 3B could be also tentatively attributed to the presence of residual, minor amounts of intermolecular byproducts, especially for nanoparticles synthesized by techniques differing from the so-called continuous addition technique. 
Concluding remarks
By considering the change accompanying the irreversible, intramolecular collapse of individual polymer chains to fractal, soft nano-objects and its effect on hydrodynamic behavior a unifying picture emerges allowing to quantify the reduction observed by SEC with traditional calibration in both (apparent) molecular weight and polydispersity. Finally, we hope this work will contribute to stimulate an in-deep characterization by means of experiment and computer simulations of the complex intramolecular cross-linking process and, at the end, of the physics beyond unimolecular polymeric nanoparticles.
